ABSTRACT UDP-glucose:(1,3)-ft-glucan (callose) synthase (CS) from storage tissue of red beet (Beta vulgaris L.) was strongly inhibited by the phenothiazine drug chlorpromazine (CPZ). In the absence of ultraviolet irradiation, CPZ was a noncompetitive inhibitor with 50% inhibitory concentration values for plasma membrane and solubilized CS of 100 and 90 um, respectively. Both the Ca2"-and Mg2"-stimulated components of CS activity were affected. CPZ inhibition was partially alleviated at saturating levels of Ca2", but not Mg2", suggesting that CPZ interferes with the Ca2"-binding site of CS. Binding experiments with ["4C]CPZ, however, showed strong nonspecific partitioning of CPZ into the plasma membrane, providing evidence that perturbation of the membrane environment is probably the predominant mode of inhibition. Ultraviolet irradiation at 254 nm markedly enhanced CPZ inhibition, with complete activity loss following exposure to 4 Mm CPZ for 2 min. Inhibition followed a pseudo-first order mechanism with at least three CPZ binding 
lized CS of 100 and 90 um, respectively. Both the Ca2"-and Mg2"-stimulated components of CS activity were affected. CPZ inhibition was partially alleviated at saturating levels of Ca2", but not Mg2", suggesting that CPZ interferes with the Ca2"-binding site of CS. Binding experiments with ["4C]CPZ, however, showed strong nonspecific partitioning of CPZ into the plasma membrane, providing evidence that perturbation of the membrane environment is probably the predominant mode of inhibition. Ultraviolet irradiation at 254 nm markedly enhanced CPZ inhibition, with complete activity loss following exposure to 4 Mm CPZ for 2 min. Inhibition followed a pseudo-first order mechanism with at least three CPZ binding sites per CS complex. Under these conditions, [3HJCPZ was covalently incorporated into plasma membrane preparations by a free radical mechanism; however, polypeptide labeling profiles showed labeling to be largely nonspecific, with many polypeptides labeled even at [3H]CPZ levels as low as 1 gM, and with boiled membranes.
Although CPZ is one of the most potent known inhibitors of CS, its use as a photolabel will require a homogeneous CS specialized tissues as sieve plates and pollen tubes, CS activity is ubiquitous and callose synthesis can be induced by wounding (3) . The regulation of CS activity has been intensively studied (3, 16, 27) . One hypothesis is that callose is synthesized by a deregulated form of cellulose synthase that results from damage to cellular membranes (3, 11 
Preparation of Membranes and Solubilized CS
Microsomal membranes were prepared from red beet storage tissue by differential centrifugation (30) , with PM isolated by sucrose gradient centrifugation (26, 30) or aqueous twophase partitioning (32) . Solubilized CS was prepared in 0.6% CHAPS, 1 mm EDTA, 1 mm EGTA, 7.5% glycerol, and 50 mM Tris-HCl, pH 7.5, by the two-step solubilization procedure (Mg2" precipitation) (30, 32) . KI-washed CS was prepared from two-phase partitioned membranes as described (31) .
CS Assay
Assays were performed in mixtures of 100 ,uL containing enzyme (1.7-5.8 ,ug of protein, as specified), effectors ( (30) . One unit of activity is defined as that which catalyzes the incorporation of 1 nmol of glucose per min into ethanol-insoluble glucan.
IC50 values were determined for PM-bound CS (5.8 ,g).
Scatchard Analysis
Scatchard plots were generated from data obtained as described (20) Labeling patterns were determined by SDS-PAGE and fluorography (5) . Instead of spotting TCA-precipitated samples on glass fiber filters as above, the samples were centrifuged at 13,600g for 15 min at 40C, and the pellets resuspended in electrophoresis sample buffer (5) . Electroblotting was performed for 1.5 h on a Hoefer Transphor model TE-50 with power lid. The blots were dried, sprayed with En3Hance (New England Nuclear), and exposed to Kodak XOmat film.
Protein Determination
Protein was determined by Coomassie blue dye-binding with BSA as standard (1).
RESULTS

Initial Characterization
CPZ and propanolol, both of which are amphiphilic and cationic, have been used to inhibit various cation-binding enzymes (8, 14, 15, 28) . Both were found to inhibit CS; however, CPZ was more effective, with an IC50 of 100 M for PM-bound and 90gM for solubilized CS ( Fig. 1 ), compared with an IC50 of 2 mm for propanolol (Table I ). The inhibitory properties of structural analogs of CPZ were also examined (Table I) . Only analogs such as triflupromazine and chloroprothixene containing the positively charged methyl amine groups and electronegative R2 moeities gave inhibition comparable to CPZ. Analogs such as phenothiazine, which con- tain the heterotricyclic aromatic rings but lack the positively charged amine and electronegative R2 group, showed no inhibition of CS activity, whereas weak inhibition occurred with amines containing sterically bulky groups as is seen with ethopropazine and promethazine. A plot of UDP-Glc concentration versus activity at various CPZ levels ( Fig. 2) concentration-dependent manner. At 100 and 150 gM CPZ (Fig. 3, A and B) , the Ca2"-stimulated component of CS activity (assayed in the absence of Mg2") was inhibited to a greater extent than Mg2+-dependent activity (assayed in the absence of Ca2+). At 200 MM (Fig. 3C) (Fig. 4, C and D) . With Ca2`in the presence of 5 mm Mg2+, CS activity was maximal at 0.5 mim and declined as Ca2+ levels increased (Fig. 4, A partitioning. As determined by assays conducted in the absence or presence of 0.01% digitonin, approximately 85% of the vesicles were in the right-side-out orientation. Inside-out vesicles were generated using a freeze-thaw treatment (19) , yielding approximately 50% of the vesicles in the inside-out orientation. Both vesicle preparations were equally inhibited by CPZ, indicating no differential effect due to membrane sidedness (not shown). The IC50 of CPZ was unaffected by removal of 0.01% digitonin from assay mixtures (not shown).
Thus, CPZ appears to interact with the PM at either face.
Other Factors Affecting Interaction of CPZ with CS Previous studies employing EM and electron spin resonance have demonstrated that CPZ binds strongly to mammalian membranes (9, 14, 25) . The interaction of CPZ with the plant PM was investigated in several ways. First, we sought to determine whether addition of heat-inactivated PMs to the CS assay mixtures could reverse CPZ inhibition. In this experiment (Fig. 5) , PM was preincubated with CPZ and all effectors. Increasing levels of heat-treated PM were then added, and reactions were initiated by addition of UDPGlc. CPZ inhibition was overcome in a linear manner to about 20 Mg of heat-denatured protein, with near complete restoration of activity occurring at 50 ,g. These results suggest that CPZ-binding to the PM is reversible and has a strong nonspecific component.
Binding of [3H]CPZ to the PM was quantified by Scatchard analysis (Fig. 6) . The shape of the plot is atypical in that the B/F ratio showed an increase (peaking at a B/F ratio of 0.77 at 8 Mm cold CPZ) rather than a decline as the concentration of cold CPZ was raised. Binding was also abnormally high, with 77% of the total added CPZ becoming bound at saturation (8.7 Mm CPZ). This suggests that binding of CPZ to the PM is a cooperative process. When low levels of CPZ interact with the PM, permeabilization of the membrane probably occurs. This leads to exposure of additional CPZ-binding 
UV-lnduced Inhibition and Chemical Modification of CS Enhanced Inhibition by UV Irradiation
Exposure to UV irradiation dramatically increased the sensitivity of CS to CPZ. In the presence of 4 AM CPZ, CS was completely inactivated following 2 min of irradiation (Fig. 7) . Control experiments showed that PM exposed to 2 min of UV irradiation in the absence of CPZ retained full activity. However, longer irradiations resulted in a gradual loss of activity, with 17% remaining after 20 min (not shown).
Inactivation followed a pseudo-first order rate, with calcula-100 CHLORPROMAZINE (gM) tions indicating the binding of three CPZ molecules for each unit of CS activity (Fig. 8) .
Protection Experiments
The aromatic nature of CPZ and the enhanced inactivation by UV irradiation suggest a free radical mechanism of inhibition. Therefore, free radical quenchers such as ascorbate should protect against inactivation. Ascorbate protected in a concentration-dependent manner (Fig. 9) , with complete protection afforded at 6 mm, supporting a free radical mechanism for CPZ attack. Other widely utilized antioxidants such as butylated hydroxyanisole, tocopherol, and propyl gallate were not tested due to their low water solubility. To investigate further CPZ specificity for substrate and effector binding sites, protection experiments with NDPsugars and divalent cations were conducted. Inclusion of UDP-Glc (in both the absence and presence of divalent cations) protected against UV-induced CPZ inactivation in a concentration-dependent manner. To determine whether protection by UDP-Glc was specific, other NDP-sugars were then tested. All of the other NDP-sugars tested, such as CDPGlc (Fig. 9) , UDP-GlcNAc (Fig. 9) , UDP-glucuronic acid (not shown), and GDP-Glc (not shown), protected CS in a dosedependent manner similar to ascorbate and UDP-Glc. Glucose, however, did not protect. Thus, protection by UDP-Glc was nonspecific. We believe that protection by the NDPsugars is due to direct quenching of CPZ radicals by the aromatic purine and pyrimidine moieties, rather than to specific blocking of CPZ-binding sites (See 'Discussion').
Because studies of the AChR have suggested that CPZ lodges in the cation-selective pore (6, 7, 23) , we sought to determine whether the presence of nascent glucan could protect against CPZ inhibition. Therefore, CPZ was added directly to assay mixtures actively synthesizing glucan. However, regardless of UDP-Glc levels or incubation time, protection above that which was seen with ascorbate and the NDP-sugars was not observed (not shown). (8, 14, 15, 28) and receptors (6, 7, 23 (Fig. 4) . This finding is similar to that found in rat brain cytosolic phosphatidate phosphohydrolase, where Ca2' also specifically counteracted the effect of CPZ inhibition, possibly by displacement of CPZ from its binding site (14) , and heart microsomal fractions, where CPZ decreased Ca2' binding and uptake by the membranes (4).
This study suggests that CPZ binding to the PM has a strong nonspecific component. This finding is in accordance with earlier studies showing that cationic amphiphilic drugs such as CPZ partition into the membrane bilayer, forming noncovalent complexes with both proteins and lipids (22, 33) . Rosso et al. (25) showed that partitioning of CPZ into the erythrocyte membrane was accompanied by a redistribution of spin-labeled phospholipids. Because boundary lipids of red beet CS are thought to be important for enzyme activity (26, 27) , a major component of CS inhibition by CPZ inhibition may be derived from disruption of CS-phospholipid interactions. Kauss et al. (13) noted calmidazolium and trifluperazine inhibition of the Ca2+-mediated stimulation as well as the enhancement in specific activity by trypsinization was not due to Ca2+-calmodulin interference but rather to nonspecific interactions, possibly with phospholipids.
In the presence of UV irradiation, CPZ is covalently incorporated into PM proteins, and CS is rapidly inactivated by a free-radical mechanism. Protection against this inactivation by UDP-Glc suggested that CPZ could be binding directly at the substrate-binding site. However, the subsequent finding that a range of other NDP-sugars also protected provided evidence for an alternate mechanism of protection. Because glucose did not afford any protection, it is likely that CPZ radicals are quenched directly by the aromatic purine and pyrimidine components of NDP-sugars. This finding demonstrates that protection experiments in UV photolabeling experiments using uridine-containing probes must be interpreted with caution. To establish whether protection occurs by specific blockage of UDP-Glc binding sites, it is important to compare the effects of both uridine and non-uridinecontaining nucleotides. A result showing preferential protection by the uridine-containing protectants would argue in favor of a specific interaction of ligand with the enzyme's substrate-binding site.
In conclusion, CPZ is a potent inhibitor of CS in plants. However, it appears to have multiple effects and its apparent lack of specificity for a given protein limits its use as a photoprobe that could be used to identify polypeptide subunits. In contrast with the AChR, where CPZ has proved to be a valuable tool for establishing the molecular architecture favor of a specific interaction of ligand with the enzyme's substrate-binding site.
In conclusion, CPZ is a potent inhibitor of CS in plants. However , it appears to have multiple effects and its apparent lack of specificity for a given protein limits its use as a photoprobe that could be used to identify polypeptide subunits. In contrast with the AChR, where CPZ has proved to be a valuable tool for establishing the molecular architecture of subunits spanning the transmembrane region surrounding its ion channel (6, 7, 23) , similar types of experiments cannot be conducted on CS until it is purified to homogeneity and its subunits unambiguously elucidated. Although CPZ has the potential for providing analogous structural information in the CS system, its use as a tool for identifying subunits in partially pure preparations seems limited.
